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D50
3'-TTGGTGTGTTGGATGATGGAGT(TAC) 9 T-5'
D60
3'-TTGGTGTGTTGGATGATGGAGT(TAC) 12 TA-5'
D70
3'-TTGGTGTGTTGGATGATGGAGT(TAC) 16 (Table S1 ) and primer DNA for mutant αHL construction were synthesized and electrophoresis-purified by Integrated DNA Technologies (Coralville, IA). The peptide-PNA carriers (Table S1) (Table S1 ) was synthesized by in vitro transcription. 3 The transcription template Folded RNA may change the carrier•RNA dipole structure and affect the capture efficiency. In our pre-treatment, instead of the slow continuous cooling process, the carrier/APOC1-41 mixture was first heated at 94℃ for 10 min, and then it was held at 50℃ for 10 min, 37℃ for 10 min, and 22℃ for 30 min. This RNA treatment can greatly enhance the capture efficiency. The stepwise cooling process likely reduces RNA folding prior to hybridization with the nanocarrier.
Electrophysiology recordings from single protein pores. Nanopore electrical recording was conducted according to previously reported protocols. 4 Briefly, the lipid bilayer membrane was formed over a 100-150 µm orifice in the center of the Teflon film that partitioned between cis and trans recording solutions. Both solutions contained KCl at a desired concentration (1 M) and were buffered with 10 mM Tris (pH 7.2). The alpha-hemolysin proteins were added to the cis solution, from which they inserted into the bilayer to form a nanopore. 
Supplementary Methods 2: MD protocols
All MD simulations were performed using the NAMD2 program, 5 a 2 fs integration timestep, 2-2-6 multiple time stepping, CHARMM27 force field, 6 custom NBFIX corrections to describe ion-DNA interactions, 7 and periodic boundary conditions. A van der Waals cutoff of 7-8 Å was used for short-range forces, and the Particle Mesh Ewald 8 method over a 1.2 Å grid was employed for long-range electrostatic forces. Atoms within 3 bonds of one another were excluded from non-bonded interactions. Water molecules were held rigid using the SETTLE algorithm; 9 all other covalent bonds involving a hydrogen atom were held rigid using the RATTLE algorithm. 10 All equilibration simulations were performed in the constant area, number of particles, pressure and temperature ensemble. The area of the simulation system parallel to the plane of the lipid bilayer was kept fixed, the system's individual dimensions were subject to a langevin piston set to 1 atm target pressure with a decay and period of 800 fs each. Temperature was set to 295 K via the Lowe-Anderson thermostat 11 with a rate of 40 ps −1 and cutoff of 2.7 Å.
The Visual Molecular Dynamics (VMD) program 12 was used for visualization and data analysis purposes.
All-atom models of the experimental system were built starting from a previously described model 13 of αHL embedded in a POPC bilayer and surrounded by 1 M KCl solvent. The WT 13 and the mutant K131D 7 open-pore systems contained approximately 288,700 atoms. The mutant system was minimized for 2400 steps using a conjugate gradient method to eliminate steric conflicts.
More systems were created by adding three varieties of probes to the existing open pore systems. The first, a polypeptide probe, was taken from an existing model (PDB ID 1JFW) and truncated to sequence N-YGRKKRRQRRR-C. The second, an ssDNA probe, was based on an equilibrated conformation of ssDNA obtained previously, 14 modified to have the 5′-CCCGACATAGC-3′ nucleotide sequence. The probes were placed near the trans entrance of the αHL pore in several orientations ( Fig. 2e and Fig. S10 ). Water and ions were added to increase the size of the simulation system along the pore's axis. The resulting systems contained approximately 315,500 atoms.
To build the third probe, the carrier•DNA complex, the peptide tag (described above) was appended to the C-terminal of the peptide nucleic acid (PNA) fragment of the 8-basepair PNA-DNA duplex. 15 The DNA strand of the PNA-DNA duplex was extended to 28 nucleotides by attaching a poly(dC) 20 fragment to the 5′ end of the duplex. The total charge ofthe resulting peptide-PNA-ssDNA probe was -19e,; the nucleotide sequence of the DNA part of the probe was Each probe-hemolysin system was minimized for 2400 steps after the probe insertion to eliminate steric conflicts, with heavy atoms under harmonic restraints of 0.5 kcal mol -1 Å -2 .
Following minimization, each system was equilibrated for 1 ns. The average size of the system obtained within the last 0.6 ns of equilibration was used in the subsequent simulations under applied electric field, which were performed in the constant number of particles, volume and temperature ensemble. In each simulation, harmonic restraints were applied to all alpha-carbon atoms of alpha-hemolysin with restraint coordinates matching the initial structure. 13 Harmonic constraints used spring constants of 0.5 kcal mol -1 Å -2 . Electric field simulations were performed with electric field strength given by E = -V/Lz, where V is the desired transmembrane bias and Lz is the length of the system in the direction of the field Non-uniform electric field contributed by the nanopore charge and voltage bias. The electric field around the nanopore entrance is mainly contributed by the local charged residues.
The principle is demonstrated in Box. 1. We assume that the nanopore has been engineered to have negatively charged amino acids such as aspartic acids placed at its entrance. The total charge of these residues is Q and the residues are diameter (d=2 nm for the α-hemolysin pore), the r-z relation is = � 2 + ( /2) 2 . Therefore the E Q (r) component along the z-axis can be expressed as
By combining Eq. S2 and Eq. S3, we obtained the final expression of E Q (z)
In addition to the charges at the pore entrance, the voltage V across the pore can contribute to the electric field outside the pore entrance E V . If the pore length is l, E V inside the pore would be V/l. This field sharply decays as being away from the pore, with a distribution
, where V(z) is the potential profile outside the pore. In a previous study, 18 V(z) was found to be inversely proportional to z, i.e. V(z) ~1/z, with a constant factor Vd 2 /8L. Thus E V (z) decays in inverse proportion to z 2 , i.e. E V (z) ~1/z 2 . Taking the boundary condition into consideration, i.e. E V (0)=V/l at the pore entrance (z=0), we obtain the expression for E V (z) as
The sum of E Q (z) and E V (z) gives the total field intensity distribution,
In Fig. S12b , we used Eqs. S4-S6 to compare E(z) for various Q. Specifically, Q=−21e
represented the K131D 7 pore, which contains 7 copies of D127(−), D128(−), and D131(−);
Q=−14e corresponded to the K131N pore carrying 7 copies of D127(−) and D128(−); Q=−7e
was for the wild-type (WT) pore with 7 copies of D127(−), D128(−) and K131(+); and Q=0 was for the pore whose field was only generated by the voltage. The E(z) curves in Fig. S12b indicate that E(z) at z<0 significantly changes with Q, suggesting that the charge at the pore entrance is a critical contributor to the field outside the pore. In As the polymer moves in the field toward the pore, we can calculate the field-generated force acting on each charged unit (amino acid or nucleotide) according to its z-coordinate, and obtain the effective force F(z) acting on the entire carrier•DNA complex.
In Fig. S12d , we used Eqs. S7-S9 to calculate the effective force F(z) acting on various carrier•DNA complexes. F(z) is plotted as a function of the z-coordinate of the 1 st amino acid (z +1 ). First, we consider the case of eight cationic amino acids (n=8, +8e) bound to a 50 nucleotide ssDNA (m=50, −50e). Although the net charge of the complex is highly negative, the calculations suggest an attractive force (F(z)>0) on the carrier•DNA complex as it moves in the field E Q (z) (Fig. 2c) . The attractive force emerged when the 1 st cationic amino acid of the carrier was a couple of nanometer away from the pore. The attractive force increased as the carrier•DNA complex moves toward the pore, and reaches a maximum when the 1 st cationic residue is placed at the pore entrance. Such behavior of F(z) is consistent with the results of MD simulations in Fig. 2c . Note that the definition of the z-coordinate for the force profiles shown in 
